Background and Purpose-In focal ischemic cortex, cerebral blood flow autoregulation is impaired, and perfusion passively follows blood pressure variations. Although it is generally agreed that profound hypotension is harmful in acute stroke, the hemodynamic and metabolic impact of increased blood pressure on the ischemic core and penumbra are less well understood. We, therefore, tested whether pharmacologically induced hypertension improves cerebral blood flow and metabolism and tissue outcome in acute stroke using optical imaging with high spatiotemporal resolution. Methods-Cerebral blood flow, oxyhemoglobin, and cerebral metabolic rate of oxygen were measured noninvasively using simultaneous multispectral reflectance imaging and laser speckle flowmetry during distal middle cerebral artery occlusion in mice. Hypertension was induced by phenylephrine infusion starting 10 or 60 minutes after ischemia to raise blood pressure by 30% for the duration of ischemia; control groups received saline infusion. Results-Mild induced hypertension rapidly increased cerebral blood flow, oxyhemoglobin, and cerebral metabolic rate of oxygen in both the core and penumbra and prevented the expansion of cerebral blood flow deficit during 1 hour distal middle cerebral artery occlusion. Induced hypertension also diminished the deleterious effects of periinfarct depolarizations on cerebral blood flow, oxyhemoglobin, and cerebral metabolic rate of oxygen without altering their frequency. Consistent with this, mild induced hypertension reduced infarct volume by 48% without exacerbating tissue swelling when measured 2 days after 1 hour transient distal middle cerebral artery occlusion. Conclusions-Our data suggest that mild induced hypertension increases collateral cerebral blood flow and oxygenation and improves cerebral metabolic rate of oxygen in the core and penumbra, supporting its use as bridging therapy in acute ischemic stroke until arterial recanalization is achieved. (Stroke. 2008;39:1548-1555.)
T he treatment of acute stroke is severely limited by the short therapeutic window for currently available treatments such as thrombolysis. Several physiological interventions such as hypothermia and hyperoxia have been tested to delay irreversible ischemic injury and prolong the therapeutic window until more definitive measures can be instituted to achieve reperfusion. Pharmacologically induced hypertension has similarly been tested to improve cerebral blood flow (CBF) and tissue outcome. [1] [2] [3] [4] Because cerebral autoregulation is impaired after acute ischemic stroke, [5] [6] [7] CBF passively follows changes in mean arterial pressure (MAP). Although there is general agreement that hypotension during acute stroke is detrimental to perfusion of ischemic brain and tissue outcome, 8 -10 the impact of hypertension is poorly understood. It is generally recommended that mild to moderate spontaneous elevations in MAP should not be treated during acute stroke. 11 On the contrary, pharmacologically induced hypertension seems to improve tissue and functional outcome in experimental focal ischemia in rats, 1, [12] [13] [14] [15] rabbits, 2 dogs, 16 and monkeys. 4, 17 Several case reports and small patient series also suggest feasibility and efficacy in human acute ischemic stroke 18 -31 ; however, data from larger prospective, randomized trials are not yet available.
Although improved CBF has been shown during induced hypertension in a few studies, [1] [2] [3] [4] 16 the spatiotemporal impact of induced hypertension on collateral CBF, oxygenation, and metabolism in the ischemic core and penumbra is still poorly understood. Recent advances in optical imaging provide a valuable tool to noninvasively monitor CBF, oxygenation, and cerebral metabolic rate of oxygen (CMRO 2 ) with high spatiotemporal resolution. [32] [33] [34] We used combined laser speckle flowmetry and multispectral reflectance imaging through an intact skull during focal ischemia in mice to test the impact of pharmacologically induced hypertension. Our data show that mild induced hypertension rapidly improves CBF, oxygenation, and CMRO 2 in both the core and penumbra and reduces infarct volume.
Materials and Methods

Surgical Preparation
Mice (C57BL/6J, 23 to 28 g; Charles River Laboratories, Wilmington, Mass) were housed under diurnal lighting conditions and allowed food and tap water ad libitum. The care and handling of the animals and experimental protocols were in accord with National Institutes of Health guidelines and approved by the institutional animal care and use committee. Anesthesia was achieved by isoflurane (2% induction, 1% maintenance, in 70% N 2 O/30% O 2 ). The femoral artery and femoral vein were catheterized for the measurement of MAP and the infusion of phenylephrine or saline. In a subgroup of mice, anesthesia was switched to ␣-chloralose (50 mg/kg per hour intraperitoneally), which is known to preserve cerebrovascular autoregulatory function. 34 The depth of anesthesia was checked by the absence of cardiovascular changes in response to tail pinch. Rectal temperature was kept at 36.8°C to 37.1°C using a thermostatically controlled heating mat (FHC, Brunswick, Maine). Mice were intubated endotracheally, paralyzed (pancuronium bromide, 0.4 mg/kg per hour intraperitoneally), mechanically ventilated (CWE, Ardmore, Pa), placed in a stereotaxic frame (David Kopf, Tujunga, Calif), and allowed to stabilize for 30 minutes after preparation. Arterial blood gases and pH were measured every 20 minutes (Ciba Corning Diagnostics, Medford, Mass). The data were continuously recorded in a computer (AD Instruments, Medford, Mass).
The temporalis muscle was separated from the temporal bone and removed. A burr hole (2 mm diameter) was drilled under saline cooling in the temporal bone overlying the middle cerebral artery (MCA) just above the zygomatic arch. The dura was kept intact and distal MCA was occluded (dMCAO) using a microvascular clip. Reperfusion was achieved by carefully removing the clip after 60 minutes and confirmed in real-time by optical imaging. Mice were excluded if clip placement or removal was associated with arterial injury and hemorrhage or if reperfusion was not achieved. In experiments in which infarct volume was measured, invasive tracheal intubation was not done to reduce morbidity and mortality, and mice were allowed to recover after successful clip removal to be euthanized 48 hours after ischemia. Whole brains were incubated in 2% 2,3,5-triphenyl-2H-tetrazolium chloride for 60 minutes. Brains were cut into 1 mm thick coronal slices, and infarct area at each section was measured. Infarct volume was calculated indirectly by subtracting ipsilateral noninfarcted volume from contralateral hemisphere. The difference between direct and indirect infarct volume was used to measure ischemic brain swelling.
Optical Imaging
After reflection of scalp laterally, skull surface was covered with a thin layer of mineral oil to prevent drying. 34, 35 Multispectral reflectance imaging was performed to measure changes in oxyhemoglobin (oxyHb), deoxyhemoglobin, an total Hb (ie, oxyHbϩ deoxyhemoglobin). 33 Light from a halogen fiberoptic illuminator (Capra Optical, Natick, Mass) was passed through 6 10-nm-wide bandpass filters (560 to 610 nm) placed on a filter wheel (Thorlabs, Newton, NJ), rotating at 3 to 5 revolutions/s. The filtered light was coupled into a fiberoptic bundle (Edmund Scientific, Tonawanda, NY) for cortical illumination. Images were acquired at each band sequentially using a variable magnification objective (ϫ0.75 to ϫ3; Edmund Optics, Barrington, NJ) and focused either through (infrared laser) or reflected off of (visible light) a dichroic mirror onto 2 CCD cameras (Coolsnap fx, 1300ϫ1030 pixels, Roper Scientific, Trenton, NJ; Cohu 4600, 640ϫ480 pixels, Cohu, San Diego, Calif). The final image size for multispectral reflectance imaging was 433ϫ343 pixels after 3ϫ3 binning. Raw data were collected in sequences of 30 frames at 10 Hz (5 frames/wavelength), and a 5-second delay was added to acquire one sequence approximately every 7.5 seconds. The reflectance image from each wavelength was averaged over the sequence. Each set of multispectral images was converted to changes in hemoglobin oxygenation and volume using a nonlinear fitting procedure based on a Monte Carlo model of light propagation in tissue rather than the traditional modified Beer Lambert relationship; the latter was inaccurate for large hemoglobin concentration changes 35a . Briefly, the difference between the intensity changes predicted by the Monte Carlo model for a given set of optical properties (absorption and scattering coefficients), and the measured intensity changes at each time point for all 6 wavelengths was minimized. The fitting parameters were the absorption and scattering coefficients of the tissue. OxyHb and deoxyhemoglobin were assumed to be the only chromophores in the tissue at these wavelengths such that the absorption coefficient was:
where is the molar extinction coefficient and C is the concentration of each chromophore. Preischemic baseline concentrations were assumed to be C o HbO ϭ100 mol/L and C o HbR ϭ40 mol/L. Laser speckle flowmetry was used to study the spatiotemporal characteristics of CBF changes during focal cerebral ischemia. 34, 36 A laser diode (780 nm) was used to diffusely illuminate intact skull. The laser penetration depth is approximately 500 m. Raw speckle images were used to compute speckle contrast (the ratio of the SD of pixel intensities to their mean), which is a measure of speckle visibility related to the velocity of scattering particles and therefore CBF. 37 Ten consecutive raw speckle images were acquired at 15 Hz, processed by computing the speckle contrast using a sliding grid of 7ϫ7 pixels, and averaged to improve signal-to-noise ratio. Speckle contrast images were converted to images of correlation time values, which represent the decay time of the light intensity autocorrelation function. The correlation time is inversely and linearly proportional to the mean blood velocity. 37 Relative CBF images were calculated from the ratio of baseline image of correlation time to subsequent images obtained every 7.5 seconds. Multispectral reflectance imaging and laser speckle flowmetry images were coregistered using surface landmarks to ensure complete spatial overlap.
The CMRO 2 changes were calculated using the relationship:
where the subscript "0" indicates baseline values; ␥ r and ␥ t are vascular weighting constants, which take into account that the measured changes in hemoglobin are a combination of venous and arterial quantities. 38 -40 Based on the severity of CBF reduction immediately after dMCAO, 2 regions of interest (250ϫ250 m) were identified ( Figure 1 ) corresponding to the core (center of severe CBF reduction) and hemodynamic penumbra (steep portion of CBF gradient between the core and nonischemic cortex) for changes in CBF, oxyHb, total Hb, and CMRO 2 . Collateral CBF was assessed by placing 2 regions of interest each on middle, anterior, or posterior cerebral artery branches (MCA, ACA, PCA, respectively) identified by their anatomic locations, morphology and color. The area (mm 2 ) with severe (0% to 20% residual CBF), moderate (21% to 30%), or mild CBF deficit (31% to 40%) 34 was also quantified. Periinfarct depolarizations (PIDs) were identified by the attendant spreading CBF changes previously shown to reliably detect PIDs in focal ischemia. 35, 41 The impact of PIDs on CBF, oxyHb, and CMRO 2 were calculated as percent maximum reduction during each PID compared with the preceding baseline.
Experimental Protocol
Imaging started 1 minute before dMCAO and continued for 60 or 90 minutes. In the hypertension group, the MAP was increased by phenylephrine (0.2 mg/mL intravenously) starting 10 (early intervention) or 60 minutes (delayed intervention) after dMCAO and continuing for the duration of ischemia; infusion rate was adjusted to maintain 30% increase in MAP (Figure 1 ). In the control group, saline was infused. The ␣-1 adrenergic receptor agonist phenylephrine was chosen over other vasopressors such as angiotensin or mixed adrenergic agonists, because: (1) cerebral vessels lack ␣-1 receptors and do not constrict in response to phenylephrine; (2) phenylephrine is less arrhythmogenic; and (3) unlike angiotensin, phenylephrine does not impair cerebrovascular endothelial function. A relatively mild increase in MAP of 30% was targeted to limit cardiovascular stress in mice and to test MAP limits compatible with thrombolysis guidelines. Physiological parameters were within normal limits and did not differ among groups at baseline (Table 1) . At the end of the infusion period, hypertension group showed mild acidosis; however, there was no correlation between arterial blood gas values and the area of CBF deficit in individual animals (r 2 ϭ7ϫ10 Ϫ7 for pH, and 5ϫ10 Ϫ2 for pCO 2 versus area of CBF deficit in early intervention group).
Data were expressed as meanϮSE and statistically compared using paired or unpaired Student t test and 2-way analysis of variance for repeated measures followed by Fisher's protected least significant difference test, except when otherwise specified. PϽ0.05 was considered statistically significant.
Results
Distal MCAO caused an abrupt reduction in CBF and oxyHb concentration in the core and penumbra ( Figure 1C ). Calculated CMRO 2 dropped to 20% to 30% and 45% to 55% of baseline in the core and penumbra, respectively. In the control group, CBF, oxyHb, and CMRO 2 remained stably low or gradually worsened in both regions during the next 60 to 90 minutes. In the early intervention group, intravenous phenylephrine infusion 10 minutes after dMCAO rapidly increased CBF, oxyHb, and CMRO 2 over prephenylephrine baseline in both the core and penumbra ( Figure 1C ). In the severely ischemic core, this increase persisted throughout the phenylephrine infusion. In penumbra, CBF and oxyHb increased progressively throughout the infusion period so that 60 minutes after dMCAO, CBF and oxyHb were 60% and 35% higher than control, respectively. The calculated CMRO 2 also progressively improved in the penumbra and returned to near normal at 60 minutes (PϾ0.05 versus baseline; Figure 1C ). Delayed onset of phenylephrine infusion 60 minutes after dMCAO also increased CBF, oxyHb, and CMRO 2 in both the core and penumbra. The efficacy of delayed intervention to augment CBF, oxyHb, and CMRO 2 did not statistically differ from early induced hypertension (Table 2) . Interestingly, mild induced hypertension did not alter total Hb concentration, an indirect measure of cerebral blood volume, in either the core or penumbra (8% and 13% increase compared with the control at 60 minutes, respectively, PϾ0.05).
To test whether ACA and PCA collaterals contribute to CBF augmentation during induced hypertension, we performed selective CBF measurements within regions of interest placed over identifiable branches of respective arteries ( Figure 1D ). This analysis showed that induced hypertension at 10 or 60 minutes after dMCAO augmented CBF within both PCA and ACA branches, but not within MCA branches immediately distal to the occlusion ( Figure 1E ).
Mild induced hypertension at 10 or 60 minutes after dMCAO rapidly reduced the area of severe CBF deficit (ie, residual CBF Յ20%) by almost half (Figure 2A-B) . The areas of moderate (21% to 30%) or mild CBF deficit (31% to 40%) were also reduced by induced hypertension ( Figure  2C ). Because isoflurane impairs CBF autoregulation, we repeated these experiments under ␣-chloralose anesthesia (nϭ5 and 4 control and hypertension, respectively), which is known to better preserve cerebrovascular physiology. 34 Induced hypertension 10 minutes after dMCAO reduced the area of severe CBF deficit by 39% under ␣-chloralose anesthesia (versus 46% under isoflurane, PϾ0.05), suggesting that the benefit is not dependent on anesthetic choice.
PIDs negatively impact CBF and oxygenation, and their suppression improves perfusion in ischemia. 35, 42 In control mice, spontaneous PIDs were detected at a frequency of 2.4Ϯ0.5/h; each PID transiently reduced CBF (Figure 3 , arrow), oxyHb concentration, and CMRO 2 in both the core and penumbra (Table 3) . Mild induced hypertension did not alter the frequency of PIDs (2.4Ϯ0.6/h), but significantly reduced the magnitude of transient reductions in CBF, oxyHb, and CMRO 2 during each PID (Figure 3 ; Table 3 ).
Mild induced hypertension during 1 hour dMCAO concentrically reduced infarct volume by 48% when assessed after 48 hours (nϭ7 and 5 control and hypertension, respectively; Figure 4) ; although the absolute volume of ischemic swelling was not exacerbated by induced hypertension during dM-CAO, it tended to be larger in proportion to the total infarct volume in the hypertension group (28Ϯ4% versus 36Ϯ6%,
Pϭ0.23).
Discussion
This is the first detailed spatiotemporal investigation of the hemodynamic and metabolic impact of pharmacologically Data are expressed as percent change from prephenylephrine baseline (10 or 60 minutes after dMCAO for early or delayed intervention, respectively) to postphenylephrine (60 or 90 minutes after dMCAO for early or delayed intervention, respectively). Phenylephrine infusion started 10 or 60 minutes after dMCAO and continued for 50 or 30 minutes in early or delayed intervention groups, respectively. Control groups received saline infusion for the same period.
*PϽ0.05, 2-way analysis of variance for repeated measures. HTN indicates hypertension.
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increased systemic blood pressure on the ischemic core and penumbra. Using high spatiotemporal resolution laser speckle flowmetry and multispectral reflectance imaging simultaneously, we found that increasing MAP by 30% 10 minutes after dMCAO improved CBF, oxygenation, and CMRO 2 in both the core and penumbra; delayed intervention 60 minutes after dMCAO was equally efficacious. Consistent with a marked hemodynamic and metabolic improvement during induced hypertension, infarct volume was reduced by almost 50% without significantly exacerbating ischemic swelling. The concentric improvement in CBF and infarct volume suggested that raising MAP augments pial collateral flow from all 3 divisions of internal carotid artery, including the MCA branches proximal to the occlusion. Although increased morbidity and mortality due to prolonged phenylephrine infusions in mice precluded testing longer treatment times in this study, prolonged vasopressor infusions are feasible and part of standard care in the clinical setting, for example, in neurocritical care of patients with subarachnoid hemorrhage-induced delayed vasospasm. Several anecdotal reports and small nonrandomized series have suggested that induced hypertension may improve cerebral perfusion and neurological deficits in acute stroke. For example, MAP elevation by 50% using phenylephrine acutely improved mean transit time on perfusion-weighted MRI and neurological deficits in a patient with embolic anterior cerebral artery A2 branch occlusion 19 ; cerebral blood volume was not altered by this treatment, which is consistent with our findings. In a study of 19 patients with acute large MCA strokes, a 30% elevation of MAP caused a 35% increase in mean ipsilateral MCA flow velocities; the contralateral increase was only 17%, presumably due to intact cerebral autoregulation. 20 In another small, randomized study, the volume of perfusion deficit on MRI significantly decreased A, Representative speckle contrast images taken 60 minutes after dMCAO are shown from control and hypertension (HTN) groups. Superimposed in light and dark blue are pixels with CBF Յ20% and 21% to 30%, respectively. B, Time course of the area with CBF Յ20% in control and early (upper) or delayed (lower) hypertension groups. Phenylephrine infusion (intravenously, horizontal bar) rapidly reduced the area of severe CBF deficit and prevented the gradual expansion typically observed in control group (PϽ0.05 versus control). C, Composite bar graph showing the areas of severe, moderate, and mild CBF deficits (ie, residual CBF Յ20%, 21% to 30%, and 31% to 40%, respectively) in control and early (upper) or delayed (lower) hypertension groups, 60 or 90 minutes after dMCAO, respectively, showing 30% to 50% reduction. *PϽ0.05 versus control. (Table 3) .
from day 1 to 3 in patients who received induced hypertension treatment. 26 Our understanding of the mechanisms by which hypertension improved tissue outcome has been limited. Although induced hypertension has reduced infarct size in several studies, [1] [2] [3] 12, 43 its impact on cerebral perfusion has been assessed in only a few studies. 1, 2, 4, 16 In ␣-chloralose-anesthetized baboons, a 30% increase in blood pressure enhanced CBF by almost 60% when measured by hydrogen clearance method and partially restored cortical somatosensory evoked potentials. 4 In pentobarbital-anesthetized dogs, induced hypertension augmented CBF in all animals studied. 16 When measured using [
14 C]-iodoantipyrine autoradiography 15 minutes after proximal MCAO in rats, the volume of severely ischemic tissue (CBF Յ15 mL/100 g per minute) was decreased by a 30% increase in MAP. 1 Our 2-dimensional analysis of CBF deficit using laser speckle flowmetry showed that the area of CBF deficit shrinks in a concentric manner on induced hypertension (Figure 2A) . We, therefore, hypothesized that hypertension increases perfusion in the ischemic cortex through pial collaterals from ACA and PCA branches and confirmed this by making selective measurements from these collaterals; MCA flow immediately distal to the occlusion did not significantly increase, confirming complete occlusion. These data suggest that pial collaterals are the major source of CBF augmentation by induced hypertension in this dMCAO model.
The multispectral reflectance imaging demonstrated in real-time that improved CBF translates into increased oxygen delivery and higher CMRO 2 , 2 critical determinants of tissue viability. Moreover, oxygen metabolism progressively increases in penumbra over time and is improved even in the severely ischemic core. It should be noted, however, that the relative increase in CBF exceeded the increase in CMRO 2 , perhaps suggesting irreversible impairment in oxygen utilization in a subset of cells. Induced hypertension has previously been reported to reduce tissue lactate levels in focal ischemia, 44 providing indirect evidence for utilization of increased oxygen delivery by ischemic brain metabolism. Consistent with this observation, induced hypertension decreased infarct volume by almost 50%. The volume of ischemic tissue swelling was not increased by hypertension, suggesting that any potential increase in edema formation by induced hypertension was offset by a net reduction in infarct volume. Consistent with these findings, published experimental data suggest that induced hypertension does not increase ischemic brain edema or intrainfarct hematoma formation and may be safe even when administered after reperfusion. [12] [13] [14] [15] [45] [46] [47] [48] We also found that the deleterious effect of PIDs on CBF and oxygenation were ameliorated by induced hypertension, providing an additional mechanism for metabolic improvement.
Although observational studies and small clinical trials in carefully selected patients suggest that induced hypertension is feasible and probably safe and effective, larger studies of unselected patients indicate that high blood pressure during acute ischemic stroke is associated with poor outcome, 49 -51 higher risk of early recurrence, 49 hemorrhagic transformation, 52 and malignant brain swelling 53 in acute stroke. Clearly not all patients will benefit from induced hypertension. Patients with stroke with an identifiable blood pressure Figure 3 for representative tracings of CBF change during PIDs). All PIDs occurring during saline or phenylephrine infusion (starting 10 minutes after dMCAO) were averaged within each experiment. *PϽ0.05 versus control in both core and penumbra; nϭ14 each. threshold above which neurological deficits improve 19 are likely to benefit as may patients with significant diffusionperfusion MRI mismatch. Our data suggest that improved cerebral perfusion and metabolism (eg, perfusion-weighted MRI and MR spectroscopy for tissue lactate) may provide a more sensitive measure than acute improvement in neurological examination for patient selection.
Summary
Our data strongly suggest that when instituted early after vascular occlusion, mild pharmacologically induced hypertension increases cerebral perfusion and oxygen delivery, improves CMRO 2 , and reduces infarct volume in this distal cortical branch occlusion model; the efficacy of induced hypertension in more proximal arterial occlusions (eg, filament MCAO) or when collateral channels are limited (eg, contralateral stenosis or occlusion), however, needs further testing. Improved understanding of the dynamics of collateral perfusion and risk factors for edema and hemorrhage will be critical to determine the usefulness of induced hypertension in acute stroke management.
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